Abstract. Nitric oxides (NOx) play a very important role among the anthropogenic trace gases. They affect human health and have an impact on ozone chemistry and climatic change. Here we describe a new method for the quantification of the global NOx budget from image sequences of the Global Ozone Monitoring Experiment (GOME) spectrometer on board the ERS 2 satellite. In contrast to measurements using ground-based or balloon-or aircraft-borne sensors, this instrument provides, for the first time, the possibility of observing global maps of NO2 column densities. As part of this work, algorithms were developed to analyze GOME spectra numerically and to extract physically relevant parameters from the resulting maps using image-processing techniques. Column densities of NOx were determined using differential optical absorption spectroscopy (DOAS) [Platt, 1994] 
Introduction
Within the last 100 years the chemical composition of the atmosphere has changed significantly due to anthropogenic influences. Among the emitted trace gases, oxides of nitrogen (notably NO and NO2) play a central role. Their natural concentration in most parts of the troposphere is believed to be below 10-20 ppt (parts per trillion), whereas concentrations up to 200ppb (parts per billion) can now be found in cities. While NO2 is itself toxic, its particular importance lies in its influence on atmospheric ozone chemistry. NO2 may be also of interest with regard to radiative heating of the atmosphere.
The main sources for tropospheric NO• (= NO + NO2) are production by industry and traffic, forest and bush fires (biomass burning [Crutzen and Schmailzl, 1983] , [Hao et al., 1990] ), microbiological emissions by soil Granli and Bok-•nan [1994] , exchange with the stratosphere, lightning and air traffic. It is estimated that more than two third of the total NO• emissions are anthropogenic, dominated by the burning of fossil fuels for transportation and industrial activities.
Current production estimates for anthropogenic sources are very uncertain (see Table 1 ), and this uncertainty is 1Also at IBM, Stuttgart, Germany. mainly due to shortcomings in measurement techniques used [Lee et al., 1997] . The available ground-based and balloonand aircraft-borne instruments make only local measurements, fi'om which it is very difficult to estimate the global distribution of the trace gases of interest. This deficiency can best be resolved by the use of space-borne monitoring devices.
Global Ozone Monitoring Experiment
In April 1995 the ERS 2 satellite was launched by the European Space Agency (ESA). The satellite carries, in addition to other instruments, the Global Ozone Monitoring Experiment (GOME), an instrument designed to measure trace gas concentrations in the atmosphere. It consists of four spectrometers of moderate resolution that cover the spectral range from 290 nm to 790 nm with 1024 channels each. Analyzing the spectrum of sunlight reflected by the Earth (earthshine) using the technique of differential optical aborption spectroscopy (DOAS), quantitative information about trace gases in the atmosphere (e.g., NO2, BrO, OC10, SO2, H20, 03, 04) is obtained.
The GOME instrument monitors the Earth in nadir view (looking downward approximately perpendicular to the 2Also at Interdisciplinm•j Center for Scientific Computing, Heidel-Earth's surface) and records a spectrum every 1.5 s. Us- b All values are in units of T g N yr-t. monitoring device (PMD) [Bednarz, 1995] simultaneously scans the Earth with a higher spatial but lower spectral resolution. It measures integrated intensities in three spectral bands between 295 nm and 745 nm. Each GOME pixel is spatially resolved by 16 subpixels of 20 x 40 km each. This subpixel information can be used for the determination of the cloud fraction and the ground albedo as described by Guzzi et The satellite scans the Earth in consecutive orbits that are not spatially contiguous (in the equatorial area) but leave a gap the width of two orbits (Figure 1) . After cycling the Earth for a single day (14orbits) it has covered approximately one third of the surface and scans on the following days the remaining regions. Every 3 days, global coverage is obtained. Approximately 30.000 spectra must be evaluated each day.
Retrieval of Trace Gas Concentrations
The applied method consists of several analysis steps which will be presented sequentially in the following sections (Figure 2 ).
1. The starting point of the analysis is the scaling of raw spectral data of the GOME instrument into calibrated radiances (level 1 data, see Figure 2 , step la) by the Deutsche Zentrum far Luft-und Raumfahrt (DLR). Also, the PMD data are used for further calculations (Figure 2 , step lb). To deal with the huge data rate (approximately 6 GB per month), an analysis algorithm has been developed which is able to perform the analysis on standard PC hardware at about 26 times the acquisition rate. 3. A satellite-borne instrument measures trace gas concentrations integrated along a light path through the whole atmosphere, that is, through both the troposphere and the stratosphere. Since these paths are in general not standing vertically on the ground and also do not represent a single physical path (they include scattering), they should be called "apparent slant column densities". In order to obtain column density data independent of the viewing geometry, the apparent slant column densities are transformed into "vertical column densities" (Figure 2, step 3a) It can thus be used to reduce the uncertainty in current estimates.
Concept of DOAS
When light passes through an absorbing layer (e.g., the atmosphere) it will be attenuated by matter due to absorption or scattering. Both effects are described by the LambertBeer law, which in this application is given by -Zo() , 
This approach is called differential optical absorption spectroscopy (DOAS).

Practical Application of DOAS
In practice equation (5) 
Nonlinear Fitting Algorithm
In order to minimize the number of fitting parameters in the nonlinear fit of equation (6) 
The direct approach attempts to solve equation (7) for the unknown parameters a and b by minimizing
I½ -O(b). , iterating both on a and b. Ottoy and Vansteenkiste [1981]
show that equation (10) 
B Spline Interpolation
During the fitting process it is necessary to evaluate the absorption cross sections or(A) at arbitrary wavelengths due to the unknown dispersion relation in equation (6). As the absorption cross sections are only known at discretely sampled spectral positions, we require an interpolation algorithm.
The most suitable interpolation algorithm is the B spline interpolation. B splines of order n, 3"(A), are piecewise continuous polynomial functions that form a base for all piecewise continuous polynomial functions. The signal can thus be decomposed in B splines and so can be evaluated at arbitrary wavelengths (14) Unser et al. [1991] showed that the decomposition can be done very efficiently using a recursive filter scheme and also described an algorithm that calculates the evaluation at intermediate grid points with only four additions and four multiplications for B splines of order 3. As an additional advantage, once the decomposition has been performed, the derivatives of the signal with respect to ,X (which are required during the fitting algorithm) can be computed directly using the coefficient determined in the spline process ci [see Jtihne, 1999 ].
Comparison to Previous Approaches
In order to estimate the impact of the methods described in sections 3.3 and 3.4, we compare the new algorithm to our standard analysis software MFC [Gomer et al., 1996] . The comparison includes the evaluation of NO2 data for one 600 MB CD-ROM of GOME data. This showed that the new algorithm is approximately 26 times faster than the standard approach, mainly because of the use of the efficient interpolation algorithm described in section 3.4 and the reduction of the fitting parameters described in section 3.3.
Separation of Stratosphere and Troposphere
The next step in the analysis is the separation of the stratospheric and the tropospheric contributions to the total NO2 column as we are only interested in the tropospheric NO2 emissions. These emissions occur mostly near the ground and largely determine the tropospheric NO2 column. Often the high concentrations near the ground are hidden by clouds. In this case the measured columns can be dominated by the stratospheric contributions. In the following, for simplicity, we use the terms tropospheric and stratospheric column meaning the column below and above the cloud layer, respectively. The separation step will be executed with an image-processing approach on 3-day composite NO2 vertical column density images considering the following assumptions of the spatial distribution of stratospheric NO2.
Discrimination Criteria
Plate 1 shows a typical distribution of the vertical column density (VCD) of NO2 for September 15, 1998. On this map the basic assumptions used to discriminate between tropospheric and stratospheric NO2 are as follows:
1. The total column varies on a much larger spatial scale than the tropospheric fraction, due to the longer lifetime of nitric oxides in the stratosphere and the fast horizontal mixing there. The tropospheric emissions usually take place on a scale of only several hundred kilometers as they are mainly caused by rather localized emissions from industrial sources, or biomass burning events. This can be observed very well over European and North American regions in Plate 1, as well as, for example, in South Africa near Johannesburg.
2. It can be observed that the stratospheric distribution is less variable in the longitudinal direction than in the latitudinal direction, where it is apparent that a distinct latitudinal pattern is established. This is mainly due to the wind system in the stratosphere which flows from east to west. The anisotropy is amplified by the latitudinal dependency of the solar radiation which causes high stratospheric NO•: concentrations in the summer hemisphere. The diurnal variation of stratospheric NO2 does not affect the GOME observations because the GOME overpass appears always at the same local time (about 1030) for a given latitude.
3. More than 90% of the tropospheric NO2 is produced by industrial emissions, biomass burning events, and emissions from the soil (see Table 1 Wenig et al. [1999] , clouds hide the portion of the NO2 column that lies below the cloudy layer (in the troposphere) from the view of GOME. Therefore the NO2 column observed over cloudy regions will be dominated by the stratospheric contribution. Taking into consideration typical values of the stratospheric and tropospheric NO2 VCDs over the ocean (see above), we find that the relative contribution of the tropospheric VCD to the total NO2 signal is of the order of only a few per cent. Therefore cloudy pixels located over the sea should represent the stratospheric NO2 column in that region. Our approach might overestimate the stratospheric NO2 VCD by about a few percent. However, compared to the large contributions of tropospheric NO2 to the total atmospheric NO2 VCD over the continents, this effect is negligible.
As described by
These considerations will now be exploited in order to estimate the total stratospheric NO2 column. The method consists of two major steps: First, maps of the total vertical NO2 column density are generated, and the pixels of interest (i.e., cloudy pixels over the sea) are taken. Second, the emerging gaps are interpolated using an image-processing filter that considers the frequency of the spatial distribution in the stratosphere (i.e., the filter mask mainly expands in the latitudinal direction).
Estimation of the Stratospheric Background
The observation described in section 4.1 can be exploited to estimate the stratospheric background following an image-processing approach. First, land regions are masked out to avoid errors in the stratospheric signal due to tropospheric contributions. To avoid influences from emissions near coastlines a region of approximately 200 km offshore is disregarded as well. Using a threshold we segment pixels with a cloud fraction of at least 50% and mask out the cloud-free pixels. On the remaining pixels the stratospheric proportion of the total column will dominate. The cloud fraction of the GOME pixels is detected using the cloud detection algorithm introduced by Wenig [1998] , which uses the data of the three PMD channels to deduce the fractional cloud cover for each GOME pixel. Using a threshold we segment pixels with a cloud fraction of at least 50% and apply the resulting mask on the trace gas map. This procedure yields an image of NO2 column densities with pixels that very likely represent the stratospheric NO2 column but contain large gaps due to the masking process.
These gaps have to be interpolated in order to estimate the total stratosphere. To provide boundary conditions we have to account for the different structure of the stratospheric distributions in latitudinal and longitudinal directions discussed in section 4.1. An interpolation algorithm has to be chosen which does not simply calculate the interpolated value for every pixel but also slightly takes into account the average over the neighboring region, for the values do not exactly represent the stratosphere but contain noise and also remnants of the tropospheric NO2 column.
We use for this purpose the concept of "normalized convolution" by Knutsson 
Tropospheric Column
The result of the interpolation is now operationally defined as the stratospheric background of the total NO2 column. An example can be seen in Plate 2, which also illustrates the intermediate steps in the discrimination algorithm. The image shows that the background could be estimated very well and is smoothly interpolated over the land regions which had been masked out for the calculation of the latitudinal sections.
The tropospheric contribution can now be estimated by forming the difference between the original image and the estimated stratosphere. In the resulting image Plate 2c we see that localized emission sources appear pronounced, whereas the global stratospheric trend is almost completely suppressed. Moreover, it emerges that the NO2 column over land is systematically higher than that over the oceans, which confirms our assumptions that the main sources are over land. For profile heights corresponding to a stratospheric distribution, the dependency of the AMF on the ground albedo is very weak, so we neglected it when estimating the stratospheric background. The remaining residual, however, strongly depends on the albedo and has to be corrected according to its influence. The procedure for this correction is illustrated in Plate 3. Before applying the correct tropospheric air mass factor AMFtrop, we have to remove the in- States). These differences are due to the normalized convolution which produces higher errors for pixels lying in the middle of larger gaps (see [Leue, 1999] ).
Significance of the Ground
Estimation of the Mean NO2 Lifetime
For the determination of the mean NO2 source strength from the tropospheric maps, knowledge of the NO2 lifetime r is necessary. In this section it will be estimated from the decay curve of NO2 on the off-wind side of coasts with strong tropospheric emissions.
On the image of the annual mean tropospheric NO2 residual shown in Plate 4 high NO2 columns over the ocean in the downwind direction from the coast can be seen, whereas off coasts with opposite wind directions no such features can be found. This behavior is due to the chemical decay of NO2 over the ocean where there is no emission (see Plate 5). From this decay curve we estimate the mean NO2 lifetime from a case study in North America.
The basic assumption underlying the method is that in the annual mean the wind speed u and the lifetime r can be substituted by their mean values and that the chemical decay can be described by a linear model (first-order decay). In this approach the spread of the plume by (turbulent) diffusion does not have to be taken into account because in the vertical case it is invisible to GOME, which only measures the integrated concentrations (vertical columns). Additionally, lateral diffusion does not play a role if we can assume a similar NO2 distribution in the neighborhood of the measured case owing 
T where c denotes the NO2 concentration and u the wind velocity. From integration it follows directly that:
The mean NO2 lifetime r over 1 year can thus be calculated by the determination of the 1/e length of the decay curve. To obtain these, we note that NO2, as measured by GOME, is in a photochemical-stationary state with NO. The ratio (known as the Leighton ratio) is given by The photolysis frequencies (see Table 2 ) were calculated with a program from Ruggaber and Dlugi [1994] , which requires as input the ground albedo, solar zenith angle, and a vertical NO2 profile. For this calculation a typical tropospheric NO2 profile was used. With these data, wavelength and albedo-dependent correction factors are calculated: 
Cloud Correction
Pixels observed by GOME are nearly never cloud-free, rather they are (at least partially) covered with clouds with a probability of above 99.8%, [see Kurosu, !997], which partially hide the observed NO2 column. We assume that in the annual mean clouds have a shielding effect, so with increasing cloud cover the average NO2 VCD should decrease. We plotted the average tropospheric NO2 VCD versus the cloud cover (CC) in order to investigate the magnitude of the shielding effect. Compared to the clear sky GOME pixel the NO2 decreases with increasing CC as expected. On average, we derive a cloud correction factor close to the factor 
Strength
The estimation of the source strength (production rate) ,X can now be done from the data of the annual mean image of the tropospheric NO2 residual considering the correction factor mentioned above. Assuming that the production rate is constant over the year, as well as the lifetime 7-, the temporal development of the NO2 concentration is then described by though it is a sparsely industrialized region, has the highest NO.
• emissions, presumably due to biomass burning. However, by looking at the relative emission rate per unit area values shown in Plate 8, it can be seen that the higher emission densities occur in the more industrialized countries.
Conclusions
Our new method to discriminate the tropospheric and stratospheric NO2 contribution to the vertical NO2 column measured by the GOME satellite instrument uses only intrinsic image information and can thus be applied selfconsistently to each global NO2 map of an image sequence (see section 4). From the tropospheric NO2 images, information about the mean NO2 lifetime can be obtained by an- We realize that in each of the evaluation steps described above substantial improvements are possible and necessary. While work is under way in our institution to make these improvements, this paper is focused on presenting preliminary results which, nevertheless, clearly demonstrate the power of this new technology, and making them available to the scientific community. Examples where uncertainties and systematic errors can be significantly reduced include better characterization of the effect of clouds and aerosol on the tropospheric NO2 column seen by GOME. Also the estimate of the N Ox lifetime can clearly be improved beyond our simple assumption of a global average value.
